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Abstract. The concept of a c t i v a t e d  recombination of atomic spec ie s  on 
s u r f a c e s  is capable of exp la in ing  the production of v i b r a t i o n a l l y  and 
t r a n s l a t  i o n a l l y  exc i t ed  desorbed mol ecular  species . 
t i ca l  mechanics p r e d i c t s  t h a t  t h e  molecular quantum s t a t e  d i s t r i b u t i o n s  
of desorbing molecules is a func t ion  of only the surface temperature when 
the adsorp t ion  p r o b a b i l i t y  is u n i t y  and independent of i n i t i a l  c o l l i s i o n  
condi t ions .  I n  most cases though t h e  adsorp t ion  p r o b a b i l i t y  is dependent 
upon i n i t i a l  condi t ions  such as c o l l i s i o n  energy o r  i n t e r n a l  quantum 
s t a t e  d i s t r i b u t i o n  of impinging molecules. From de ta i led  balance,  such 
dynamical behavior is reflected i n  t h e  i n t e r n a l  quantum s t a t e  d i s t r i b u -  
t i o n  of the desorbing molecule. A number of surface-atom recombination 
systems demonstrate t h i s  llnonthermalll behavior: H Cu,N2-Fe,C02-Pt, e t c .  
I t  is proposed t h a t  t h i s  concept, a c t i v a t e d  recombinative desorp t ion ,  may 
o f f e r  a common thread i n  proposed mechanisms of spacec ra f t  glow. Ground- 
based experiments are proposed which w i l l  complement f l i g h t  investiga- - 
tiOnS pobing the mechanism of the  glow phenomenon. 
techniques and equipment a v a i l a b l e  a t  Los Alamos, which inc ludes  a h igh  
t r a n s l a t i o n a l  energy 0-atom beam source ,  mass spec t romet r ic  d e t e c t i o n  of 
desorbed s p e c i e s  , chemiluminescent/ 1 aser- induced f 1 uor escence detect  i on  
of e l e c t r o n i c  and r o v i b r a t i o n a l l y  exc i t ed  r e a c t i o n  products,  and Auger 
d e t e c t i o n  of surface-adsorbed r e a c t i o n  products,  we propose a fundamental 
s tudy  of the gas-surface chemistry underlying t h e  glow process.  T h i s  
would lead t o  the development of materials t h a t  could a l t e r  t h e  s p e c t r a l  
i n t e n s i t y  and wavelength d i s t r i b u t i o n  of the glow. 
Equil i b r i  um s ta t  i s- 
2: 
Using molecular beam 
In t roduct ion  
I n t e r a c t i o n  of the low-Earth o r b i t  (LEO) environment w i t h  ram-oriented 
spacec ra f t  surf aces may involve both gas-surf ace and gas-phase components 
whose r e l a t i v e  importance is poorly understood. From conservation of 
f l u x  arguments the ram pressure  can be 30 t o  100 times the  ambient LEO 
pressure  depending upon t h e  e x t e n t  of gas-phase e q u i l i b r a t i o n  with the 
surface temperature. A t  low-a l t i tude  pressures  as high as t o r r  may 
be present  near ram s u r f a c e s ,  which could produce glow from t h e  low rates 
of r o t a t i o n a l  and v i b r a t i o n a l  e x c i t a t i o n  produced by c o l l i s i o n s  wi th  
ram-directed 0-atoms ( 5  eV> o r  N 2  ( 1 1  eV) as well as i o n  o r  e l ec t rons .  An 
a l t e r n a t i v e  mechanism t o  gas-phase e x c i t a t i o n  l i e s  i n  desorp t ion  of vib- 
r a t i o n a l l y  exc i t ed  recombination o r  su r face  r e a c t i o n  products through 
a c t i v a t e d  recombination. Molecules not  normally found i n  LEO can be 
formed by recombination of oxygen and n i t rogen  atoms on spacec ra f t  sur- 
f a c e s  as w e l l  as r e a c t i o n s  of 0-atoms with the s u r f a c e  s u b s t r a t e  atoms 
forming spec ie s  such as OH, CO,  C 0 2 ,  CN, NO, e tc . ;  a l l  of which may con- 
t r i b u t e  t o  chemiluminescent glow through a c t i v a t e d  desorption. 
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Figure 1 is a schematic p o t e n t i a l  energy r e p r e s e n t a t i o n  of molecular 
and atomic p a r t i c l e  i n t e r a c t i o n s  w i t h  a s o l i d  s u r f a c e  which i l l u s t r a t e s  
the concept of a c t i v a t e d  recombinative desorption. C o l l i s i o n s  of gas- 
phase molecules w i t h  a su r face  can r e s u l t  i n  phys isorp t ion  of the  mole- 
c u l e  i n t o  a precursor van de r  Waals p o t e n t i a l  well or chemisorption i n t o  
a d i s s o c i a t i v e  atomic s t a t e  by c ross ing  from the  molecular t o  t h e  atomic 
s ta te  curve. I n  many cases a barrier must  be surmounted t o  c r o s s  t o  the 
atomic s t a t e  r e s u l t i n g  i n  an a c t i v a t i o n  energy f o r  adsorp t ion  i n  
molecule-surface c o l l i s i o n s  while  adsorp t ion  of atomic s p e c i e s  is r a r e l y  
l i m i t e d  by barriers. The r eve r se  process,  molecular desorp t ion ,  is ac- 
companied by t h e  release of molecules having a high t r a n s l a t i o n a l  energy; 
i . e . ,  atomic recombination occurs  w i t h  t he  molecule being born a t  an 
e l eva ted  p o t e n t i a l  and l eaves  the  su r face  w i t h  t h i s  energy. A number of 
examples [Comsa and David, 1982; Kubiak e t  a l . ,  1984; Robota e t  a l . ,  
19851 involving hydrogen can be found i n  the  l i t e r a tu re  which show t h a t  
H2 desorbs w i t h  t r a n s l a t i o n a l  temperatures as h igh  as 2 C O O  K and w i t h  
v i b r a t i o n a l  populations 50 times greater than expected from an  equ i l ib -  
rium ensemble a t  the  s u r f a c e  temperature of 300 K .  Molecular n i t rogen  
[Thorman and Bernasek, 19781 e x h i b i t s  h igh  v i b r a t i o n a l  e x c i t a t i o n  i n  t h e  
ground e l e c t r o n i c  s ta te  when desorbing from i ron .  V ib ra t iona l  e x c i t a t i o n  
of C 0 2  produced by ox ida t ion  of CO on platinum [Brown and Bernasek, 19851 
has been observed with the e x t e n t  of e x c i t a t i o n  decreas ing  wi th  increas-  
ing  su r face  coverage of oxygen. I n  these cases  t he  desorbing molecule 
l o s e s  memory of t h e  i n i t i a l  condi t ions  p reva i l i ng  before desorp t ion  and 
is only influenced by i t s  p o s i t i o n  a t  b i r t h .  
or  n i t rogen  atom r e a c t i o n s  w i t h  spacec ra f t  su r f aces  t o  produce e x c i t e d  
products seem t o  be r u l e d  out  by t h e  f a c t  t ha t  most s u r f a c e s  exposed t o  
t h e  ram d i r e c t i o n  glow w i t h  i n t e n s i t y  v a r i a t i o n s  of 2 t o  3 ,  i . e . ,  t h a t  
the glow is  independent of su r f ace  composition. T h i s  sugges ts  tha t  
su r faces  simply act  as a t h i r d  body t o  ca t a lyze  recombination of e x i s t -  
i n g  atomic s p e c i e s  found i n  LEO, most probably oxygen and n i t rogen  at-  
oms. Since the  a l t i t u d e  dependence of the  glow i n t e n s i t y  follows t h a t  
of atomic and no t  molecular s p e c i e s ,  N2 seems t o  be r u l e d  o u t  as a reac- 
t i o n  par tner  w i t h  0-atoms, bu t  i t  has been proposed [Swenson e t  a l . ,  
19851 t h a t  n i t rogen  atoms may be t he  r e a c t a n t  c o n t r o l l i n g  the glow in- 
t e n s i t y .  Th i s  sugges ts  tha t  t h e  fo l lowing  r e a c t i o n  sequence may be one 
of the  major components i n  t h e  glow mechanism 
Even though there can be ex tens ive  e t ch ing  of s u r f a c e s  i n  LEO, oxygen 
-
O ( s )  + N ( s )  + su r face  + N O ( s )  + su r face  ( 1  1 
* 
O ( s )  + N O ( s )  + su r face  + NO , ( g )  + su r face  
where the  su r face  acts as a t h i r d  body t o  s t ab i l i ze  the newly formed 
molecules before  desorption. Many inves t iga t ions  have been performed on 
the r e a c t i o n  
O3 + NO -+ O2 + NO2 
which have shown t h a t  NO2 can be formed w i t h  s u b s t a n t i a l  v i b r a t i o n a l  
[Kahler e t  a l . ,  19841 energy, and our work [van den Ende e t  a l . ,  19821 
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shown i n  F igure  2 shows both i n t e r n a l  and t r a n s l a t i o n a l  e x c i t a t i o n  of the 
NO2 product.  Though i t  may be s t r e t c h i n g  t h e  po in t  a b i t  t o  consider (3) 
as a r e a c t i o n  of 0-atoms on an  oxide su r face  (02) w i t h  N O ,  neve r the l e s s  
the  r e s u l t s  i n d i c a t e  t h a t  NO2 formed from t h i s  r e a c t i o n  possesses the 
characterist ics needed t o  f i t  t h e  glow data, i .e . ,  long  l i f e  time ( t e n s  
of microseconds) and s t r o n g  s p e c t r a l  emission i n  t h e  i n f r a r e d  (1-3 p). 
Indeed i t  has been demonstrated [Brown and Bernasek, 19851 t h a t  vibra- 
t i o n a l l y  e x c i t e d  C 0 2  is produced through ox ida t ion  of CO on platinum 
s u r f a c e s  and chemiluminescence i s  observed i n  the  gas  phase. S a t e l l i t e  
mass spectrometer measurements [Engebretson and Mauersberger, 19791 have 
shown formation of NO and NO2 on s u r f a c e s  i n  t h e  i o n  source region,but no 
d i rec t  measurements of n i t rogen  oxide desorp t ion  from spacecraft su r faces  
haveyet  been made t o  confirm t h i s  hypothesis.  High signal-to-noise mass 
spec t romet r i c  i n v e s t i g a t i o n s  of t he  spacec ra f t  environment w i l l  be needed 
t o  i d e n t i f y  the  presence of NO2. 
Gas-Phase E x c i t a t i o n  
Even though a c t i v a t e d  recombinative desorp t ion  seems an  a t t r a c t i v e  
idea t o  expla in  spacec ra f t  glow, t h e r e  i s  no conclus ive  evidence from 
LEO experiments t o  suppor t  i t  and there may i n  fac t  be seve ra l  mecha- 
nisms i n  ope ra t ion  which come i n t o  p l a y  as the concent ra t ion  of spec ie s  
changes. 
and desorb i n  its ground s t a t e  wi th  subsequent e x c i t a t i o n  by gas-phase 
c o l l i s i o n s  wi th  ion ,  e l e c t r o n ,  or n e u t r a l  spec ie s .  A combination of 
molecular beam s c a t t e r i n g  experiments and theory  w i l l  be needed t o  de- 
termine c r o s s  s e c t i o n s  f o r  high energy 0-atom e x c i t a t i o n  processes i n  
order  t o  r e a l i s t i c a l l y  assess the  con t r ibu t ion  of gas-phase c o l l i s i o n s  
t o  the glow phenomenon. 
NO2 could indeed be formed a t  high s u r f a c e  coverages of oxygen 
LEO Experiments 
Extensive experimental data are  needed from LEO i n  order  t o  narrow 
down t h e  poss ib l e  mechanisms of spacec ra f t  glow. Both high-resolution 
spec t roscopic  information and simultaneous mass spectrometer d e t e c t i o n  
of surface-desorbed species w i l l  be necessary t o  d i s t i n g u i s h  between 
various proposed models, 
spectrometer w i t h  high s e n s i t i v i t y  and d i f f e r e n t i a l  pumping and t h e  
a b i l i t y  t o  use modulation techniques w i l l  be needed i n  order  t o  deter- 
mine concent ra t ions  of r e a c t a n t s  as well as s u r f a c e  r e a c t i o n  products. 
Ex i s t ing  mass spectrometers could be r e t r o f i t t e d  w i t h  ion counting de- 
t e c t o r s ,  choppers f o r  performing modulated molecular beam d e t e c t i o n ,  and 
molecular sh ie lds  f o r  d i f f e r e n t i a l  pumping. A s t r o n g  emphasis should be 
placed on using s ta te -of - the-ar t  techniques i n  f u t u r e  LEO experiments. 
To s tudy  e t ch ing  and glow mechanisms a mass 
Los Alamos LEO Simulation F a c i l i t i e s  
A 5-eV 0-atom source  is being developed [Cross and Cremers, 19851 a t  
Los Alamos t h a t  w i l l  be capable of d e l i v e r i n g  f luxes  of 10l5-l7 O-atoms/ 
cm2-s t o  a sample su r face  f o r  materials t e s t i n g ,  ground-based calibra- 
t i o n  of f l i g h t  hardware, and fundamental i n v e s t i g a t i o n s  of e t ch ing  and 
182 
glow mechanisms. 
sus t a ined  d ischarge  techniques and us ing  a 70-W laser has demonstrated 
t r a n s l a t i o n a l  temperatures of 9000 K i n  xenon. Ca lcu la t ions  p r e d i c t  
t ha t  similar d ischarges  i n  helium w i l l  produce v e l o c i t i e s  i n  excess  of 
10 km/s but w i l l  r e q u i r e  laser powers of 1 kW o r  g r e a t e r .  We have re- 
c e n t l y  demonstrated ope ra t ion  of t h i s  concept a t  400 W of laser power i n  
argon and 30% oxygen f o r  2 hours using a boron n i t r i d e  nozzle.  We are 
p resen t ly  i n t e g r a t i n g  t h i s  laser (maximum power of 700 W )  w i t h  t h e  Los 
Alamos Molecular Beam Dynamics Apparatus 1 (LAMBDA 1 )  t o  ob ta in  O-atom 
beam v e l o c i t y  d i s t r i b u t i o n s .  
and calibrate a mass spectrometer (provided by AFGL) which is t o  be flown 
on STS t o  detect surface-desorbed e t ch ing  r e a c t i o n  products as well as 
r e a c t a n t s  i n  t h e  ambient atmosphere. Our o b j e c t i v e  w i l l  be t o  use t h e  
high-energy laser sus t a ined  O-atom source t o  1 )  determine d e t e c t i o n  
s e n s i t i v i t y  f o r  5-eV O-atoms and e t ch ing  r e a c t i o n  products,  2 )  demon- 
s t ra te  t h e  advantage of modulated phase-sens i t ive  d e t e c t i o n  techniques i n  
LEO experiments, 3) determine the  con t r ibu t ion  t o  LEO observa t ions  from 
gas-surface r e a c t i o n s  occurr ing  i n  the  ion  source ,  and 4 )  cal ibrate  the  
AFGL mass spectrometer a g a i n s t  t he  LAMBDA 1 mass spectrometer d e t e c t o r  i n  
order t o  r e l a t e  ground-based i n v e s t i g a t i o n s  t o  LEO observa t ions .  T h i s  
e f f o r t  w i l l  provide the unique a b i l i t y  t o  d i r e c t l y  compare f u t u r e  s t u d i e s  
of e t ch ing  mechanisms wi th  LEO experiments and t o  provide an O-atom test-  
ing  f a c i l i t y  f o r  use i n  materials development programs. LAMBDA 1 has 
demonstrated [Pack e t  a l . ,  19821 high s e n s i t i v i t y  and r e s o l u t i o n  i n  meas- 
urements of gas-phase c o l l i s i o n  dynamics and could a l s o  be used t o  meas- 
ure  e l a s t i c ,  i n e l a s t i c ,  and r e a c t i v e  high-energy O-atom c o l l i s i o n  c r o s s  
s e c t i o n s  t h a t  would be used i n  f u t u r e  glow modeling. 
Though LAMBDA 1 can be configured t o  a l s o  detect chemiluminescence, 
LAMBDA 2 ,  shown i n  Figure 4 ,  is better s u i t e d  f o r  these types  of experi-  
ments and provides the  ins t rumenta t ion  t o  de t ec t  r e a c t i o n  products from 
beam-surface s c a t t e r i n g  by 1 )  mass spectrometry,  2 )  chemiluminescence, 
o r  3)  laser-induced f luorescence  i n  a UHV environment as well as provid- 
i n g  su r face  c h a r a c t e r i z a t i o n  us ing  Auger o r  XPS/UPS spectroscopy. Beam 
sources developed f o r  the LAMBDAS are interchangeable between t h e  two 
instruments,  thus  allowing comparison of r e s u l t s  We propose us ing  t h i s  
machine t o  i n v e s t i g a t e  surface-catalyzed, gas-phase chemiluminescence 
produced by the i n t e r a c t i o n  of high-energy oxygen and n i t rogen  beams 
wi th  spacec ra f t  materials. Representative su r faces  would be exposed t o  
mN/O atom beam, and measurements of 1 )  t r a n s l a t i o n a l  energy us ing  time 
of f l i g h t  techniques and 2) i n t e r n a l  energy us ing  laser-induced f luo res -  
cence would be performed t o  determine the  e x t e n t  of e x c i t a t i o n .  Through 
the  combined use of LAMBDA 1 and 2 a complete p i c t u r e  of e t ch ing  and 
glow mechanisms can be obta ined ,  which would l a y  the basis f o r  des ign  of 
materials and processes f o r  use i n  low-Earth o r b i t .  
The source  is based upon the use of C02-laser- 
LAMBDA I,[Cross, 19841 shown i n  F igure  3, is being configured t o  t e s t  
C onc 1 us ion  
To achieve a sus t a ined  presence i n  low-Earth o r b i t  new and novel mate- 
r ia l s  w i l l  need t o  be developed that  can resist t h e  effects  of long-term 
O-atom exposure. Heat r e j e c t i o n  systems w i l l  r e q u i r e  high temperature 
su r faces  tha t  w i l l  no t  erode o r  a l ter  t h e i r  I R  emis s iv i ty  over long per i -  
ods  of time (20 years ) .  High strength-to-weight r a t i o  epoxy-fiber com- 
p o s i t e  s t r u c t u r a l  materials w i l l  need p ro tec t ive  coa t ings  f o r  long-term, 
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maintenance-free opera t ion  while s i l v e r  in te rconnec ts  on s o l a r  c e l l  pan- 
e l s  w i l l  r equ i r e  coa t ings  or be replaced w i t h  more i n e r t  ma te r i a l .  Meth- 
ods f o r  c o n t r o l l i n g  or e l imina t ing  ram sur face  glow need t o  be devised t o  
provide optimum condi t ions  f o r  i n f r a r e d  astronomy and Earth viewing. 
Before new ma te r i a l s  can be devised, a basic  understanding of e tch ing  and 
glow mechanisms w i l l  be requi red  a f t e r  which optimum design parameters 
f o r  ma te r i a l s  can be decided upon. Activated recombinative desorpt ion of 
r eac t ion  products from sur faces  may be a common thread  i n  mechanisms of 
spacecraf t  glow, b u t  a grea t  deal  of bas ic  research  i n t o  gas-phase and 
gas-surface dynamics w i l l  be needed t o  f u l l y  expla in  t h i s  phenomenon. 
co l l abora t e  with NASA i n  fundamental i nves t iga t ions  of LEO mater ia l  prob- 
lems. A t r a d i t i o n a l  s t r e n g t h  of t he  Laboratory i s  ma te r i a l s  chemistry 
and physics from which f a c i l i t i e s  have been developed f o r  ion microprobe 
inves t iga t ions  of subsurface b u l k  d i f f u s i o n  processes [Thompson e t  a l . ,  
19831, sur face  chemistry and physics [Campbell and P a f f e t t ,  19841, and 
theory [Doll ,  19851 of gas-surface processes.  The combination of LAMBDA 
1 used f o r  mass spec t romet r ic  angular  and t r a n s l a t i o n a l  energy p a r t i c l e  
de t ec t ion ,  LAMBDA 2 used f o r  i n t e r n a l  s t a t e  and f ixed  labora tory  angle 
t r a n s l a t i o n a l  energy de tec t ion ,  and the  high-energy 0-atom source repre-  
s e n t s  an add i t iona l  unique resource t h a t  can be focused t o  provide solu- 
t i o n s  t o  the  chal lenges of extended opera t ion  i n  low-Earth o r b i t .  
Los Alamos is uniquely equipped wi th  instrumentat ion and s t a f f  t o  
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Fig. 1. Potential energy diagram representing activated desorption. 
Molecules colliding with a surface can be trapped in a 
molecular precursor well or  with sufficient collision energy 
to surmount the barrier EA and cross to the dissociative 
atomic state curve and be chemically trapped. In most eases, 
desorption occurs with the expulsion of molecules X2 rather 
than X, and the molecule exits the surface with energy EA. 
In some cases (see Comsa and David [1982]), the two-dimensional 
surface has holes in it and molecules can exit over the barrier 
and are not affected by surface temperature, while other mole- 
cules come from states without barriers and are accommodated to 
the surface conditions. 
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Fig. 2. Center-of-mass contour map of the NO2 flux distribution 
ing a 1-Newton dia- 
data. There is a 
sideways peak which 
r circle indicates the 
and time-of-flight 
velocity of NO2 when all available energy is put into 
translation while the inner one gives the maximum velocity 
at which chemiluminescence is possible. 
product has high internal excitation, 
combination of NO + 0 on oxide surfaces may exhibit simi- 
lar dynamics. 
The majority of 
NO2 formed by re- 
186 
TOP VIEW 
Fig. 3. 
QUADRUPOLE MASS 
FILTER WITH THREE 
STAGES OF DIFFER- 
TO ION COUNTING 
ENTIAL PUMPING ON 
HIGH EFFlClENY IONIZER 
SOLID SAMPLE 
CRYSTAL 
MANIPULATOR- T 
DETECTOR 
TIME-OF-FLIGHT 
CHOPPING WHEEL 
lo3 400 400 
Los Alamos Molecular Beam Dynamics Apparatus 1 ( W D A  1) showing 
the central portion of the instrument including the molecular beam 
source, sample manipulator-molecular beam intersection zone, and a 
portion of the movable detector. The detector is an electron bom- 
bardment ionizer-quadrupole mass spectrometer suspended from the 
rotatable lid of the main vacuum chamber for the measurement of an- 
gular distributions, 
wheel, which allows for 50% transmission efficiency and time-of- 
flight measurement by cross correlating the data with the sequence. 
Fumping on the scattering chamber is accomplished with a liquid 
nitrogen cryoliner, turbomolecular pump, and a closed-cycle gaseous 
helium cryopmp, 
the scattering ckjamber. 
Also shown is a time-of-flight chopping 
Pressures of 10-8 to 10-9 torr are obtained in 
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I, 12 cm 45 cm 4 
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Fig. 4. LAMBDA 2. This figure shows a detailed view of the central portion 
of the apparatus that consists of a nozzle chamber, a differential 
pumping chamber containing flags, choppers, and a slotted disk 
velocity selector; and a UHV (10-1* torr) chamber containing a cyro- 
shroud, sample manipulator, surface analysis equipment consisting of 
LEED and Auger units, provision for collecting fluorescenee light 
and laser-induced fluorescence signals. A quadrupole mass spectro- 
meter (not shown) with two stages of differential pumping and a cross 
correlation time-of-flight chopper is opposite the LEED unit and is 
limited to a fixed laboratory angle. 
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